An increase in the giant magnetoresistance of FeNi 3 nanoparticles of 20 times has been observed in FeNi 3 -graphene nanocomposites synthesized using NiFe-layered double hydroxide hybrids as precursors.
Introduction
Magnetoresistance (MR) is a phenomenon that reflects the resistance change of a material when an external magnetic field is applied to it, and can be categorized into five distinct types including ordinary magnetoresistance (OMR), anisotropic magnetoresistance (AMR), giant magnetoresistance (GMR), tunnelling magnetoresistance (TMR) and colossal magnetoresistance (CMR). 1 The discovery of GMR in magnetic multilayers 2 and subsequently in magnetic granular films 3, 4 opened a new perspective in the development of innovative materials for applications such as biological detection, 5 magnetic recording and information storage. 6 In particular, polymer nanocomposites with functional particles have created much interest due to their cost-effective processability and high flexibility rendering possible many applications such as microwave absorbers 7 or smart stimuli-responsive materials. 8 These polymer nanocomposites can be considered as granular systems, in which the GMR originates from the spin-dependent scattering of conduction electrons at the interface between the ferromagnetic particles and the nonmagnetic matrix, as well as within the ferromagnetic particles. Indeed, GMR has a close relationship with the local magnetization of ferromagnetic nanoparticles (NPs). However, the magnitude of MR depends on various factors, such as the magnetic to non-magnetic constituent ratio, the chemical nature of the matrix, the size and shape of the particles and also the inter-particle (grain) distance. 3 Therefore, the nature of the nonmagnetic matrix plays a crucial role in these sorts of nanocomposites. Compared to multilayers, the advantage of granular films is the ability to change the size of magnetic NPs and the microstructures, varying completely their magnetoresistance properties. 9 Beyond traditional materials, graphene is being widely studied as a functional matrix due to its superior electronic properties. The direct exposure of the active-conducting area of graphene to the external world, and the expected long spin coherence lifetimes and lengths, makes this 2D material suitable for spintronics. 10 Until recently, graphene has been considered a nonmagnetic material, but now numerous investigations are focused on studying its MR properties. [11] [12] [13] In this sense, organic magnetoresistance (OMAR)
has recently been found in graphene, few-layer graphene, nanotubes or carbon spheres among other carbon-based materials. 14, 15 Moreover, our group has recently described how the chemical doping of graphene with electronically active organic functionalities can modify its MR response. 16 Herein we will study the chemically designed magnetic nanocomposites recently reported by our group, which are formed by magnetic FeNi 3 NPs embedded in a graphene matrix. 17, 18 We will incorporate graphene as a matrix in granular magnetic nanocomposites. In these hybrid materials, the close proximity between the two components may lead to strong synergistic interactions between electronic conductivity and magnetism, which may result in new MR effects. Thus, we will show that the presence of the graphene shell in these hierarchically structured materials provokes a large enhancement of the GMR compared to the pristine FeNi 3 ferromagnetic NPs, operating at low magnetic fields up to 500 G, and a crossover in the MR effects which change from negative to positive upon cooling down the sample. 
Experimental section

Preparation of FeNi 3 -carbon nanocomposites (FeNi 3 -G)
The precursor LDH material NiFe-sebacate (NiFe-Seb) was prepared following the general method described previously by our group, using sebacic acid/NaOH. 19 In a typical synthesis, the salts of nickel and iron were dissolved in deionized water, keeping the stoichio-
) at the value of x = 0.33 and the total metal concentration constant at 1 M. A second solution of NaOH and sebacic acid was also prepared using deionized water. Both solutions were mixed together by dropwise addition to form thick slurry with a fixed pH of 7. Subsequently, the slurry was heated up to 80 1C under constant stirring, and kept at this temperature for 4 days at atmospheric pressure. The solid was then filtered, abundantly washed with water and ethanol, and dried at room temperature under vacuum. All procedures were carried out under an argon atmosphere to avoid incorporation of carbonate anions adsorbed from atmospheric CO 2 into the final precursor. Furthermore, the pH of the synthetic gel was controlled to avoid formation of solid phases different from LDH. The FeNi 3 -G nanocomposites were obtained by calcination under a nitrogen atmosphere for 6 hours at 900 1C in a programmable oven with a 1 1C min À1 scan rate and a nitrogen flow of 80 mL min
À1
. The carbon matrixes of the as-synthesized nanocomposites were obtained by sonication and acid leaching of the same with 2 M hydrochloric acid for 48 hours with magnetic stirring.
Preparation of FeNi 3 nanoparticles (FeNi 3 -NP)
The synthesis of FeNi 3 -NP was achieved following the method recently described by our group. 20 In a typical procedure, 7.5 mmol of FeSO 4 Á7H 2 O and 22.5 mmol of NiCl 2 Á6H 2 O were dissolved in 50 mL of benzyl alcohol. After that, the mixture was heated up to 80 1C in a thermostatic bath for ca. 30 min. Afterwards, a 5 M NaOH solution was drop-wise added to the mixture until it reached a pH of ca. 11. Then, 13 mL of hydrazine hydrate was added, followed by gas evolution, as well as the precipitation of small black particles. This reduction procedure was set for 30 min. Finally, the particles were collected using a magnet and washed with Milli-Q water and EtOH several times, and then dried in an oven at 60 1C for 5 h. EDAX microanalysis gave a Ni : Fe ratio of 2.82(AE0.06).
Physical characterization
HRTEM studies of the hybrid material were carried out on a JEM-2010 microscope (JEOL, Japan) operating at 200 kV.
Samples were prepared by dropping a sonicated suspension of the sample in ethanol on a carbon-coated copper grid. The digital analysis of the HRTEM micrographs was done using Digital Micrograph TM 1.80.70 for GMS 1.8.0 by Gatan. The magnetic properties of the nanocomposites at different temperatures were measured using a physical properties measurement system (PPMS-9) by Quantum Design. The susceptibility data were corrected by removing the diamagnetic contributions as deduced by using Pascal's constant tables. X-ray photoelectron spectroscopy measurements were performed in an ultra-high vacuum system ESCALAB210 (base pressure 1.0 Â 10 À10 mbar)
from Thermo VG Scientific. Photoelectrons were excited by using the Mg-Ka line (1253.6 eV). All spectra were referred to the Fermi level. Temperature dependent conductivity (s) and magnetoresistance (MR) were measured using a standard fourprobe method with Pt wire as leads in PPMS-9 equipment, in the temperature range between 2 K and 300 K using Keithley devices, a current source (model 2400) and an electrometer (model 6154). Electrical contacts were made with highly conducting silver paints. Sample sizes were approximately 3 mm 2 .
The powders of nanocomposites were pressed into pellets for resistivity and MR measurements.
Results and discussion
Structural characterization
Our synthetic approach involves the facile thermal decomposition of hybrid sebacate-intercalated catalytic Ni II Fe III layered double hydroxides (LDH) at 400 1C leading to a hybrid consisting of FeNi 3 -NP embedded in a carbon nanoform matrix. 17, 19, 21 Interestingly, if the calcination step is increased to 900 1C, a graphene matrix instead of the as-reported carbon nanoforms is formed. 18, 22, 23 The nanocomposite consists of well dispersed highly crystalline FeNi 3 nanoparticles of small dimension (average size ca. 20-50 nm) embedded in a graphene matrix, which facilitates the imaging of lattice fringes and ''graphitic'' coatings ( Fig. 1 and Fig. S1 , ESI †). A detailed observation of the nanocomposite reveals that the NPs are heterogeneously distributed on the graphene, forming a series of aggregates. The distance between these aggregates can be of several nanometres on the basis of HRTEM observations. The measured ca. 0.34 nm spacing for the carbon coating is consistent with literature values for the interlayer spacing of graphene. 18, 24 As evidenced by HRTEM, highly corrugated graphene sheets surrounding the metal NPs can be observed (Fig. 1B-D) . The intricate structure of the graphene matrix is related to the evolution of the previous carbon nanoonions (CNO) obtained at 400 1C. 18, 19 Clear evidence of this assumption could be obtained from HRTEM images of the hybrids depicted in Fig. 1E , in which a deployed graphene monolayer from a CNO can be clearly seen. Highly corrugated single-to few-layer graphene sheets surrounding FeNi 3 -NP can be observed in several areas, having good flexibility; moreover, this morphology reveals how close the particles are, showing a minimum carbon coating of ca. 2 nm. Thereby, this chemical approach provides a model system to study the new MR effects arising when magnetic NPs and corrugated graphene are placed in close proximity. For comparative purposes we have synthesized highly crystalline and monodisperse FeNi 3 -NP following a sol-gel methodology recently described by our group (see Fig. S2 , ESI †). 20 These NPs show a size of ca. 80 nm, which is around two times the size estimated in the FeNi 3 -G nanocomposites (in the range 20-50 nm), and interparticle distances of less than 1 nm in those which are connected. In order to get some insights into the surface of the materials, X-ray photoelectron spectroscopy (XPS) was used, confirming the presence of Fe and Ni in both FeNi 3 -NP and FeNi 3 -G nanocomposites (Fig. S3, ESI †) . Each of the two spinorbit components of the Ni 2p spectra shows three resolved features; those located at 853.2 and 856.4 eV can be attributed to metallic and divalent Ni (mainly NiO and Ni(OH) 2 ), respectively, whereas the one located at 862.5 eV can be attributed to the so-called 6 eV Ni satellite. 25, 26 The Fe 2p survey revealed photoelectron peaks at around 707.7, 711 and 725 eV, confirming the presence of zero-valent iron (Fe 2p 3/2 ) and oxidized Fe(II) and/or Fe(III). In order to account for the differences between the samples, we analysed the O 1s level, revealing that the oxygen content of FeNi 3 nanoparticles coated with graphene decreases sharply in comparison with the pristine FeNi 3 -NP, indicating a less oxidized surface (Fig. S4 , ESI †). It is worth saying that graphene has been previously reported as an effective protective shell for Ni electrodes. 27 All of the XPS spectra have been corrected to the position of the C1s peak at 284.60 eV. 19 
Magnetic measurements
As depicted in Fig. 1F , we performed magnetic measurements of the FeNi 3 -G nanocomposite at temperatures ranging from 350 K to 2 K. A ferromagnetic behaviour is observed in the isothermal magnetization vs. H curves with no significant differences as a function of temperature. 28 The magnetization curves saturate at fields higher than 1.5 T reaching a saturation value of 122 emu g À1 , in excellent agreement with the values reported for bulk permalloy. 29 The coercive force is ca. 20 G, being characteristic of soft ferromagnets. 30 On the other hand, FeNi 3 -NP exhibit a similar saturation magnetization value (115 emu g À1 ) with a coercive field of ca.
90 G, which is four times larger than that for FeNi 3 -G (Fig. S5 , ESI †). This is probably due to the oxide shell formed around the metallic NPs, which is thinner for the FeNi 3 -G nanocomposite, as demonstrated by the XPS analysis (Fig. S4, ESI †) . The hysteresis View Article Online loop measured upon field cooling to 2 K from 300 K shows a shift in the coercive field, indicative of an exchange bias effect (H ex ). The presence of exchange bias in these samples may arise from the interactions between the surface antiferromagnetic spins and the ferromagnetic FeNi 3 core spins. 30 Since this exchange bias depends on the thickness of the AF oxide layer, the smaller coercive field encountered in the FeNi 3 -G nanocomposite simply reflects the lower thickness of the oxide layer in this system. 31 
Electrical transport measurements
The electrical conductivity of the nanocomposite was measured by a standard four-probe method in compressed pellets. One can observe that the conductivity decreases by two orders of magnitude upon cooling the sample from 300 K (s of 3.09 S cm
À1
) to 2 K (0.078 S cm À1 ) ( Fig. 2A) , the decrease becoming much sharper below 20 K. In addition, temperature dependent I-V measurements also show strong temperature dependence (Fig. 2B ) with a thermal transition from metallic to semiconducting behaviour at ca. 20 K. 32 This behaviour is probably due to the specific hierarchical structure of the nanocomposite. At this point, it is important to separately study the two components of the nanocomposite (i.e., the FeNi 3 -NP and the carbon matrix) in order to elucidate the conduction mechanisms.
In a first step, we have characterized the pristine monodisperse FeNi 3 -NP (see Fig. S2 , ESI †). 20 The electrical transport on pressed pellets demonstrates the metallic character of the NPs above 20 K, with a conductivity at room temperature of 2.300 S cm
. Below 20 K a small curvature of the straight line has been observed, which is possibly induced by the amorphous oxide shell that covers the metallic NP (see Fig. S6 , ESI †). 33 Notice that the conductivity values in the FeNi 3 -NP are one order of magnitude smaller than those found for the bulk. 34 This difference indicates that the electron scattering (or tunnelling) at the interface of the NPs produces higher barriers than the grain boundary in the bulk material. In addition, the conductivity of the FeNi 3 -NP is three orders of magnitude larger than that encountered in the FeNi 3 -G nanocomposites, indicating that the graphene layer significantly blocks the electrons and increases the interface barrier. The observation of nonlinear symmetric I-V curves at temperatures lower than 20 K for FeNi 3 -G also confirms the existence of a tunnelling barrier for the FeNi 3 -G nanocomposite as shown in Fig. 2B .
In a second step and for comparative purposes, we tried to isolate the carbon matrix via acid leaching of the nanocomposite. The as-obtained product consists of a highly defective non-magnetic corrugated graphene matrix, exhibiting a typical semiconducting behaviour. The electrical conductivity of this blank is sharply reduced to 1.3 Â 10 À6 S cm À1 at 300 K and to ca. 9 Â 10 À13 S cm À1 at 2 K, indicative of the damage induced by the acid leaching procedure (Fig. S7, ESI †) . These control experiments show that the graphene matrix surrounding the metallic NPs plays a crucial role in the electrical behaviour of the FeNi 3 -G hybrid nanocomposites. In fact, the deviation from the metallic behaviour observed at low temperatures in the I-V curves is probably related to the semiconducting character of the graphene matrix, although we expect that the pristine matrix is much less defective than the isolated one.
Conduction mechanisms
A good understanding of the conduction mechanisms is of utmost importance in order to elucidate the magneto-transport behaviour. All the measurements support the presence of two different conduction mechanisms, which are strongly influenced by temperature: (a) Ohmic region, where I(V) is linear with the voltage, for temperatures ranging from 300 K to ca. 20 K. In this region metallic conductance is observed. (b) Non-ohmic region, where the I(V) curves show a non-linear behaviour, and the I-V curves show zero conductance in the low voltage area, indicating the appearance of a gap. Accordingly, in this graphitic matrix the NPs are well described by arrays of localized electrons interacting through long-range Coulomb forces. 35 In the frame of this model, the transition to nonlinear I-V curves at low temperature is expected to appear when the thermal energy is lower than the Coulomb interaction energy, a phenomenon known as Coulomb blockade (Fig. S9 , ESI †). 35, 36 Similar transitions have been observed in nanocomposites and nanowires embedded in a carbon matrix [33] [34] [35] [36] [37] and in granular materials. 32 In order to show the transition and Coulomb gap much more clearly, a plot of the calculated dI/dV differential conductance curves vs. V at different temperatures is represented in Fig. S9B (ESI †). The dI/dV curves have a pronounced minimum at low temperatures, with the suppression of conductance around zero bias, which indicates the gradual opening of a Coulomb gap. Above 10 K the Coulomb gap becomes filled by thermal excitations and almost vanishes at 20 K. From a macroscopic point of view, the different conducting regions can be described by two different conduction mechanisms: in the first region (20 o T o 300 K) the conductivity follows a thermal activation mechanism given by the Arrhenius formula s 1 = s 01 exp(ÀDE/kT), (300 to 20 K), where s 01 is a constant and DE is the activation energy. The best fit of the data gives s 01 = 3.33 S cm À1 and DE = 1.83 meV (Fig. S8A, ESI †) .
Interestingly, the value of DE is comparatively lower than that reported for MWCNT composites (in the range from 14 to 30 meV). 38 This lower activation energy may be due to the close contacts existing between these conductive NPs, which facilitate electron hopping across the NPs. In the second region (2 o T o 20 K) the conductivity shows a sharp decrease and the electronic transport is dominated by strong Coulomb interactions. In this region the conductivity follows the Efros-Shklovskii variable range hopping mechanism (ES-VRH) depicted by s 2 = s 02 exp À (T 0 /T) 1/2 , with s 02 = 5.4 S cm
À1
and T 0 = 39 K, where T 0 is the characteristic temperature that determines the thermally activated hopping among localized states that occurs at low temperatures (Fig. S8B, ESI †) . 35, 39 This parameter is considered as a measure of the disorder and gives an idea about the crossover temperature where the metallic to semiconductor transition occurs. These values are similar to those reported in nanocomposites formed by iron doped amorphous carbon. 40 
Magnetotransport measurements
These measurements were performed in the 2-300 K temperature range from pressed pellets. The data were recorded several times in different samples showing a good reproducibility. Fig. 3A and B shows the MR of the FeNi 3 -G nanocomposites calculated from the expression MR (%) = (R(H) À R(0))/(R(0)) Â 100, where R(0) and R(H) are the resistance at zero and at an applied field H, respectively.
From these measurements there are two remarkable features that are worth mentioning: (i) the enhancement of the MR when the magnetic NPs are embedded in a graphene matrix and (ii) a thermal crossover in the MR, which changes from negative at high temperatures (B3% at 300 K at an applied magnetic field of 40 kG) to positive when the temperature decreases below 20 K (Fig. 3C) until reaching a maximum value of B6% at 2 K and low field (500 G) with a bias of 0.5 V.
The enhancement of the MR can be clearly seen by comparing the MR of the FeNi 3 -NP with that of the FeNi 3 -G nanocomposite. In these samples a low field MR (LFMR) effect is observed, which reaches its maximum value at 2 K. Thus, in the nanocomposite, the MR vs. H curve at 2 K exhibits a sharp peak centred at zero field, which increases in MR from 0 to 6% upon application of a magnetic field as small as 500 G. In the FeNi 3 -NP a positive MR with a LFMR effect is also observed. Still, this low-field MR effect is significantly lower (less than 0.6% at 2 K) and occurs in a much more limited temperature range (below 2 K) than for the FeNi 3 -G nanocomposite.
The low-field effects are usually associated with the presence of magnetic NPs and arise from the spin-polarized tunnelling occurring between neighbouring NPs. Such a process depends on the distance between the NPs and the nature of the surrounding matrix 41 since it may determine the interparticle tunnelling.
These effects have been observed for example in core-shell structured La 0.7 Sr 0.3 CoO 3 NPs, revealing a À20% LFMR effect at 5 K, which has been attributed to the presence of noncrystalline insulating layers. 42 In the nanocomposite material, the interparticle tunnelling is governed by the AF metal-oxide shell surrounding the FeNi 3 -NP and the graphene matrix, which behaves as an insulating thin layer at low temperatures. The FeNi 3 -G shows a MR ratio of 6% in an applied field of 1000 G while the MR ratio for pure FeNi 3 -NP at the same magnetic field (Fig. 4) is only 0.3% (i.e., lower by a factor of 20). In the FeNi 3 -NP system the spinpolarized tunnelling occurs solely through a metal-oxide shell, which is thicker than that encountered in FeNi 3 -G, while in the last system the graphene is also surrounding the neighbouring NPs. This illustrates the significant role exerted by the graphene shell in the enhancement of the MR effect, improving the interface between the ferromagnetic NPs and showing it to be a more effective interface than the metal-oxide layer in transmitting the spin information. The observed improvement of the MR properties demonstrates that graphene may be a promising candidate for applications in spintronics.
As far as the crossover in the MR is concerned, its mechanism can be summarized as follows:
(i) Negative MR. For the high temperature range (from 300 K to 20 K) the resistance decreases when a magnetic field is applied (Fig. 3A) . Hopping between the localized states of the FeNi 3 -NP and hopping between different graphene sheets mainly govern the transport mechanism for this range. The MR measurement indicates that the surface spins of the FeNi 3 -NP can be aligned by an external applied magnetic field, resulting in a significant reduction of the resistance. In contrast to bare polycrystalline systems (e.g. Ni 80 Fe 20 , Fe 3 O 4 , CrO 2 or Prussian Blue analogues, among others), the incorporation of graphene appears to exert a crucial role, reducing the magnetic fields required to saturate the MR. 43, 44 Similar GMR effects have been reported by Guo et al. in magnetic nanocomposites formed by core-shell magnetic NPs disposed on the surface of graphene sheets. 45 (ii) Positive MR. For the low temperature range (from 20 K to 2 K) the resistance increases when a magnetic field is applied (Fig. 3B) . In this regime, the ES-VRH process due to the enhanced Coulomb interactions between charge carriers dominates the electronic transport of the FeNi 3 -G nanocomposite at low temperatures. Consequently, the presence of a magnetic field results in a decrease in the hopping probability of the carrier transport, causing an increase in the resistance and finally leading to positive MR. 35 An optimal fit of the MR curves of both the pristine FeNi 3 -NP and FeNi 3 -G samples has been obtained using the ordinary magnetoresistance (OMR) (Fig. S12, ESI †) . This demonstrates that the positive MR in the samples depends, at low temperature, on the Lorentz force on the mobile charges. Examples describing crossover phenomena from positive to negative MR are very scarce and include spinels with magnetic phase transitions 46 and graphene monolayers with controlled induced disorder. 47 As far as we know, this is the first example of a graphene-based nanocomposite showing this striking and unusual effect.
Conclusions
All of our data indicate that we have ferromagnetic NPs embedded in a graphene matrix forming a granular nanocomposite whose matrix conductivity can be tuned with temperature (conductive at high temperatures and insulating below 20 K), thus offering the possibility of modulating the MR behaviour. 48 This unprecedented hierarchical structure herein obtained by a cost-effective chemical methodology exhibits an enhancement of the GMR with temperature-dependent crossover and low-field MR. These hybrid nanocomposites show a 20 times higher MR ratio than the pristine NPs, demonstrating experimentally the important role exerted by graphene in the improvement of the spin injection. Moreover, as these magnetic nanocomposites have also exhibited promising performances as electrochemical capacitors, 17, 18 a magnetic control over the charge or discharge process can be envisioned, aiming at improving the properties of the resulting magneto-supercapacitive devices.
